The consequences of population bottlenecks for morphological differentiation were investigated experimentally in the Afrotropical butterfly Bicyclus anynana (Satyrinae). A genetically variable laboratory population was used to establish daughter populations differing in the severity of the founding bottleneck (two, six, 20 and c . 300 individuals), with four to six replicate lines per treatment. Nine quantitative traits of the hind wing were measured (wing area and eight wing pattern characters) in the founders, F 1 , F 2 and F 3 generations. A tenth character, egg weight, was measured in all lines in F 3 . The validity of the neutral additive model was tested by regressing the observed phenotypic variance among replicate lines ( V d ) at F 3 against the expected additive genetic variance among lines (2 F t V A0 , where F t is the coefficient of inbreeding at generation t and V A0 is the additive genetic variance in the base population). This analysis was performed for the first six principal components of the wing character set, and using two series of F t estimates, one obtained from demographic parameters, the other from molecular markers. Overall, V d was slightly less than expected, perhaps as a result of some characters being subject to weak stabilizing selection, but the general picture was one of close concordance with the prediction of the neutral additive model. Plots of phenotypic line means, from the parental generation through to F 3 , illustrate that the observed differentiation was essentially entirely due to the initial sampling event. Egg weight showed a similar pattern of differentiation.
INTRODUCTION
Genetic drift plays a major role in the genesis of morphological differentiation, being most pronounced in situations where populations are small and isolated, such as in island archipelagos (e.g. Brakefield, 1989 Brakefield, , 1990 Grant & Grant, 1995) , in unstable or fragmented habitats (e.g. Jones, Leith & Rawlings, 1977; Oxford, 1989) , where rates of local extinction and colonization are high (e.g. Whitlock, 1992) , and in socially structured populations (Le Boulengé et al ., 1996) . Furthermore, under conditions of divergent selection, genetic drift may often facilitate the evolution of reproductive isolation (Rice & Hostert, 1993) . Quantification of the dispersive effect of genetic drift for polygenic characters is therefore of considerable interest and importance in understanding patterns of phenotypic variation and evolutionary change.
When alleles underlying a character combine additively within and between loci, and the character is not selected, standard quantitative genetics theory predicts that, at generation t , the expected additive genetic variance among replicate lines derived from the same base population is given by 2 F t V A 0 , where F t is the coefficient of inbreeding at generation t and V A0 is the additive genetic variance for the character in the base population (Wright, 1951; Hill, 1972; Falconer & Mackay, 1996) . The outcomes of a relatively limited number of laboratory experiments on the relationship between inbreeding and the variance of a morphological character among replicate lines ( V d ) fall into three categories (see review by López-Fanjul, Fernández & Toro, 2003) : V d ≈ 2 F t V A 0 , in approximate agreement with the neutral additive model; V d < 2 F t V A 0 , generally attributed to directional or stabilizing selection, and V d > 2 F t V A 0 . This last and somewhat controversial outcome was reported by Bryant & Meffert (1996) and Bryant, Combs & McCommas ( 1986a) for morphological characters in Musca domestica , attributed to conversion of nonadditive variation (dominance and/or epistasis) into additive variation between, as well as within (Bryant, McCommas & Combs, 1986b) , lines. These studies illustrate that as a result of selection and the possible release of nonadditive variation (see Lopez-Fanjul, Fernandez & Toro, 1999; Naciri-Graven & Goudet, 2003; Zhang, Wang & Hill, 2004) , V d for many characters may not conform to the neutral additive model. This paper reports on estimates of V d obtained for a range of morphological polygenic characters in Bicyclus anynana (Butler, 1879) , an African satyrine butterfly. Specifically, we examined whether the pattern of divergence of mean phenotypes among replicate lines, for an array of four founding bottleneck sizes (of two, six, 20 and c . 300 individuals), agreed with that expected under the assumptions of the neutral additive model. Insofar as the change in genetic variance within these same lines has already been described in another paper (Saccheri, Nichols & Brakefield, 2001) , the present contribution may been seen as largely corroborating previous findings, but it is only under pure additivity and in the absence of selection that V d mirrors changes in genetic variance within lines, hence the need for an explicit analysis of the between-line component of genetic variance.
MATERIAL AND METHODS E XPERIMENTAL POPULATIONS
A full description of the base population, how the experimental populations were established, and B. anynana husbandry is presented in Saccheri, Brakefield & Nichols (1996) , and we give only a brief account here. Daughter populations were derived from an outbred laboratory population established 20 generations previously from a single locality (Nkhata Bay) in Malawi. The experiment consisted of four treatments differing in the number of individuals used to start the experimental populations or lines. The founder numbers were two, six, 20 and c . 300 (control treatment), replicated six times for the smallest bottleneck and four times for the rest. With the exception of the control lines, all lines were established from the appropriate number of randomly selected clutches (one, three or 10) collected from females isolated in copula . The control lines were established by mass mating of approximately 150 virgin females and 150 virgin males. Following establishment, individuals within populations were allowed to mate freely and lines were left to freely increase to a maximum adult population size of 300, controlled by culling of larvae (population sizes for each line from P to F 3 are given in Saccheri et al ., 1999) . Lines (L.) are designated according to the size of the founding bottleneck (in pairs: 1, 3, 10 or C), followed by the replicate number (e.g. L1.3 refers to replicate three of the one-pair bottleneck-size treatment).
M ORPHOLOGICAL MEASUREMENTS
Nine morphological characters were measured on the ventral surface of the hind wing (see fig. 1 in Saccheri et al ., 2001 for a more detailed description of characters): the areas of three concentric rings of colour constituting the fifth and largest of the eyespots occurring in the distal part of the wing (referred to as white area, black area and gold area); four indices of colour and contrast over different parts of the wing surface measured on a scale of grey values ranging from zero to 255 (extra ring, colour, contrast and marbling); the area of the entire wing (wing area); an index of the area of the white transverse band (band index). The left hind wing was measured unless damage necessitated measurements from the right hind wing. All traits were measured with a computerized image analyser developed specifically for this purpose (Windig, 1993) .
Principal component analysis (see Saccheri et al ., 2001 ) was used to summarize the variation contained in the nine morphological characters, which were transformed into standardized normal deviates as part of the analysis. The standard set of eigenvectors (see table 2 in Saccheri et al ., 2001) used to calculate principal component scores in samples from all generations was derived from 2027 F 3 offspring reared for a heritability test. Principal component 1 (PC1) (which explains 31% of the total variation) was essentially an index of eyespot size, large eyespots being associated with high values of extra ring and contrast; PC2 (21%) is effectively an index of darkness and grain in the mid-cell, and PC3 (13%) contrasts wing area and band area. PC4, PC5 and PC6 are more difficult to interpret, but are consistent with other datasets and each explains between 5 and 10% of the total variation.
Wing characters were measured in all one-pair, three-pair and ten-pair line founders as well as in a random sample of 25 females and 25 males from each control founder population. A random sample of 20 females and 20 males was measured from each line in F 1 and F 2 , and a random sample of 30 females and 30 males was measured from each line in F 3 . Additionally, in F 3 a sample of 300 eggs per line, laid over a 3-4-h period and from similar aged cohorts of females, was weighed in groups of ten.
A NALYSIS
A measure of the correspondence between observed and expected differentiation for all bottleneck-size treatments was the regression coefficient of the observed (phenotypic) variance among replicate lines against the expected (additive) variance among replicate lines (2 F t V A 0 ). Under the null hypothesis, the slope of the regression would be one, if the environmental variance ( V E ) were unaffected by inbreeding.
The assumption of a constant V E among replicate lines for all bottleneck sizes was supported by the absence of a significant difference in V E within lines among bottleneck sizes (Saccheri et al ., 2001) . This study satisfied the main recommendations of Lynch (1988) in relation to estimating the divergence of mean phenotypes: by adjusting for general environmental effects among lines with the use of several contemporaneous control lines, and by removing maternal effects from the estimates of V A within lines (no significant maternal effect on the heritability of principal components was detected, Saccheri et al ., 2001) . This method was used to analyse the observed differentiation of replicate lines in F 3 for PC1-PC6.
Two alternative estimates of F were used to compute the expected differentiation for each bottleneck size in F 3 . The first, referred to as demographic F , was calculated from census numbers and estimates of the variation in family size, following the method described in Saccheri et al . (1996) , but for an additional generation, to account for the difference between inbreeding and variance effective population size (Kimura & Crow, 1963) . The second, referred to as molecular F , was derived from allozyme and minisatellite data (see Saccheri et al ., 1999) . These estimates of F are listed in Table 1 . The estimates of F based on molecular data were somewhat larger than those inferred from demographic parameters (discussed in Saccheri et al ., 1999) .
The within-population component of V A for each morphological character and principal component has been estimated in the base population and in all 18 experimental lines in F 3 (Saccheri et al ., 2001) . Values of V A and V E within populations for the base population and control lines in F 3 are in close agreement. However, the average F 3 control, rather than the base population, estimates of V A were used as V A0 in this analysis as they are contemporaneous with the generation being analysed, reducing V E among treatments.
The mean square (ms) within treatments is an estimate of (e.g. Steel & Torrie, 1981: p. 150) , where is the variance of line means, r is the number of observations from each line, and σ 2 is the variance of individual observations around the line mean. is therefore estimated as (ms − σ 2 )/r. To standardize the scale for all principal components, all variances were divided by the mean observed variance (across bottleneck sizes, including control) for each principal component. Values of F were standardized relative to the control value, set to zero. This may have caused the intercept to slightly overestimate V E but did not change the slope.
RESULTS
Line means, from the founding generation (P) through to F 3 for PC1-PC6, are shown graphically in Figure 1 . As expected, dispersion among lines within a bottleneck size was greatest for the one-pair bottleneck, followed by the three-pair bottleneck. On the whole, the ten-pair bottleneck showed no more differentiation among lines than did the control. The graphs show no visible evidence of a systematic increase or decrease in dispersion from P to F 3 , and among generations were not significantly different (analysis not shown), suggesting that there was little further sampling drift after the founding bottleneck and no strong stabilizing selection operating on these characters. Clearly, however, this is not as sensitive a measure of drift as is analysis of changes in allele frequencies at several independent loci (as performed in Saccheri et al., 1999) .
There were occasional large changes from one generation to the next, in dispersion (e.g. PC1 ten pairs P-F 1 and PC2 one pair P-F 1 ) and in mean value of individual lines (e.g. PC1 L1.1 and L1.5 and all ten-pair lines). It was not possible to ascertain the extent to which such changes were due to uncontrolled environmental variation and sampling error, or genetic changes. There were no significant differences in mean among bottleneck-size treatments at F 3 for any of these morphological characters and therefore there was no evidence of inbreeding depression (see 1 . Dispersion of line means within each bottleneck-size treatment (from top to bottom: one pair, three pairs, ten pairs and control) for principal components 1-6 in the parental generation (P), F 1 , F 2 and F 3 . Replicate lines in different bottleneck-size treatments are represented by the same symbol as follows: 1 (᭹), 2 (᭺), 3 (᭢), 4 (᭞), 5 (), 6 (ᮀ). Saccheri et al., 2001) . Principal components are, by definition, uncorrelated in the population for which they are calculated. This does not mean that they will respond independently to selection or drift. Inspection of the responses in Figure 1 shows no obvious correlations, whereas the raw character graphs (not shown) did. Figure 2 is a plot of the standardized observed against expected variance among replicate lines at F 3 for PC1-PC6, using demographic F. A line with a slope of one, expected under the null hypothesis, is provided for comparison. A close fit of the data to a neutral additive model of gene action is indicated by the high values of R 2 for individual principal components, which had a mean value 0.96, excluding the slope for PC5 which was not significantly different from zero. Multiple linear regression analysis of observed variance (Table 2) showed a highly significant trend, confirming that dispersion was greater in the smaller bottleneck-size treatments. There was no significant interaction between expected variance and principal component, indicating that the response of principal components did not differ significantly in slope. As principal components did not differ significantly in slope, a single linear regression was fitted to the data, with different intercepts for each principal Regression of observed and expected values using molecular F accounted for slightly less of the variance (80% overall, and a mean R 2 of 0.95 when PC5 was excluded), and an overall slope of 0.75 (95% confidence interval, 0.56-0.94). This latter result suggests that differentiation may have been less than that expected under the neutral additive model. Any increase in from P (or F 1 ) to F 3 is expected to be greatest for the smallest bottleneck, because of the very low levels of reproductive success that will have caused some additional inbreeding in these lines (Saccheri et al., 1996; Saccheri et al., 2001) . This hypothesis was tested with an analysis of variance of individual observations in F 3 minus the F 1 mean for each line (the F 1 mean provides a more accurate estimate of the breeding value of the founder sample than does the founder mean). The effect of bottleneck size on the degree of change from F 1 to F 3 for PC1-PC6 was not significant (variance ratio was 2.35 [3, 15] , P ≈ 0.1), but there was a tendency to increase. Thus, betweenline variance provides weak evidence for a small amount of inbreeding additional to that caused as a direct consequence of the founder number.
Mean egg weights for each line in F 3 are presented in Figure 3 . The pattern of dispersion was much the same as that observed for wing characters. Differentiation of means was greatest among one-pair lines, followed by three-pair lines, with ten pairs and control lines showing least differentiation. There was a ten-s t 2 dency for eggs in one-pair lines to be lighter, but there was no significant difference in egg weight among bottleneck sizes, relative to the variation among replicate lines, implying no measurable inbreeding depression for this character at this level of inbreeding. The variation in mean egg weight was not explained by the variation in mean hatching rate (cf. Saccheri et al., 1996) .
DISCUSSION
Changes due to genetic drift are expected to accumulate most readily for polygenic characters that are almost selectively neutral or under weak stabilizing selection (Lande, 1980) . Such characters may account for a large part of all phenotypic variation, but are poorly represented in experimental studies of genetic drift. In nature, the characters measured in this study are subject to a complex regime of selection that differs markedly in the wet and dry seasons (Windig et al., 1994) . It is therefore difficult to make any strong predictions about the form of selection and genetic constraints relevant to these characters. However, these characters are not associated with vital physiological processes, and fitness is likely to be fairly insensitive to small changes in wing-patterning elements and wing size, particularly in the laboratory environment where predators are absent and adult food is readily available. As for egg weight (size), it seems that this trait is not an important determinant of larval survival (van Oosterhout, Brakefield & Kooi, 1993; Saccheri, 1995; Fischer et al., 2003) , and there also appears to be no correlation between fecundity of individual females and average egg weight in this species (P.M. Brakefield, unpubl. data) .
These data show that differentiation among replicate lines originated almost entirely from the random sampling of founders. Moreover, one-pair lines and, less evidently, three-pair lines (with the notable exception of L3.4 for PC2) maintained their relative principal component scores from the founding individuals to F 3 . On the whole, the observed between-line variance for the measured characters fitted the neutral additive model well. First, the fit to a positively sloping straight line when the observed differentiation was regressed against the expected differentiation, indicates that the relative magnitude of V d among bottleneck sizes is directly proportional to F, as predicted by 2F t V A0 . Non-linear relationships with F have been interpreted in terms of alternative models incorporating dominance and epistatic variance (Bryant et al., 1986a) . Second, the average slope of these regressions was not significantly different from one (using demographic F), the null expectation, and the mean of the slopes for all principal components, excluding PC5, was 0.99 and 0.89, using demographic and molecular F, respectively.
The low overall slope (0.75) obtained with molecular F provides evidence for differentiation being less than expected. However, this result was heavily dependent on the unusual behaviour of a single one-pair line, L1.3, for PC5. The founder and F 1 generation of L1.3 were strongly differentiated from the other one-pair lines (Fig. 1 ), but progressively converged in F 2 and F 3 . Stabilizing selection could conceivably have caused such convergence, but it would be unwise to overinterpret this single sequence. We conclude, therefore, that the pattern of differentiation among replicate lines is close to the predictions of the neutral additive model, endorsing its assumptions of gene additivity and effective selective neutrality (over the short term). We cannot, however, exclude the action of weak stabilizing selection, which would be clearly detectable only over a longer period, as demonstrated for pupal weight in a drift experiment with Tribolium castaneum (Rich et al., 1984) . Also, our experiment was not a rigorous test of nonadditive gene action, as recent work has shown V d to be insensitive to epistasis at low levels of inbreeding (López-Fanjul, Fernández & Toro, 2002) .
The observed V A between lines does not agree entirely with the observed reduction in V A within the same lines (Saccheri et al., 2001) . There was some evidence suggesting that losses of V A within one-pair and three-pair lines was greater than V A0 (1 − F t ), expected under the neutral additive model. If this was due to the true level of inbreeding having been underestimated, the neutral additive model predicts that V A between lines should be correspondingly greater than 2F t V A0 used here; this was not the case. The apparent discrepancy is small relative to the error in the estimation of genetic and phenotypic variances, although it is also consistent with stabilizing selection.
In common with other laboratory drift experiments, the relevance of the results presented here to natural populations is compromised by the absence of natural selection. Nevertheless, by demonstrating that genetic drift can result in substantial differentiation for wing pattern, wing size and egg weight, this experiment provides direct evidence for the potential impact of bottlenecks and drift on patterns of morphological differentiation in natural populations of butterflies. One prominent case concerns the distribution of the number of spots on the hind wings of Maniola jurtina on the Isles of Scilly (Dowdeswell & Ford, 1953; Dowdeswell, Ford & McWhirter, 1960; Creed, Ford & McWhirter, 1964) . The distributions were similar among three large islands, but differed on three small islands. Ford (1975) and his coworkers believed that this pattern of variation could be explained adequately by natural selection in relation to geographical variation in habitat, whereas others (Dobzhansky & Pavlovsky, 1957) favoured the founder effect or intermittent drift (Waddington, 1957) as more probable explanations (Shorrocks, 1978; Brakefield, 1984) . A similar pattern of interisland variation was reported by Brakefield (1990) for colour morphs of Philaenus spumarius on the Isles of Scilly. Quantification of allelic variation at (quasi) neutral genetic markers, an approach adopted to measure genetic drift in this study (Saccheri et al., 1999) , can be applied usefully to assess the relative importance of genetic drift and selection on specific phenotypic traits, particularly if associated QTL (quantitative trait loci) are also available (e.g. eyespot size QTL in B. anynana, Beldade, Brakefield & Long, 2002) .
